When a terawatt-peak-power laser beam is focused into a gas jet, an electron plasma wave, driven by forward Raman scattering, is observed to accelerate a naturally collimated beam of electrons to relativistic energies (up to 10 9 total electrons, with an energy distribution maximizing at 2 MeV, a transverse emittance as low as 1 mm-mrad and a eld gradient of up to 2 GeV/cm).
High-intensity laser-plasma interactions are of much current interest because of their relevance to advanced concepts for accelerators, radiation sources, astrophysics, and inertial con nement thermonuclear fusion. When a terawatt-peak-power laser is focused to high intensity into a gas, a plasma is created by tunneling ionization, and the free electrons begin to quiver at velocities close to the speed of light (c) in the laser's transverse oscillating electromagnetic eld. The laser light phase velocity v depends on the index of refraction v = c=n, where the latter is given by n = h 1 ? (! p =!) 2 i 1=2 ; (1) where ! is the laser frequency and the plasma frequency is given by ! p = (4 n e e 2 = m 0 ) 1=2 ; (2) where e is the electron charge, m 0 is the electron rest mass, and n e is the plasma electron density. The relativistic factor associated with the motion perpendicular to the direction of laser propagation depends on the laser eld through the electron quiver velocity v os , = 1 + a 2 ] 1=2 , where a = v os =c = eE=m 0 !c = 8:5 10 ?10 m]I 1=2 W/cm 2 ] is the normalized vector potential, E is the laser electric eld, and I = cE 2 =8 is the laser intensity. Since local variations in the laser intensity will modify the index, this will|in turn|locally modify the laser intensity, and so on. Hence, novel e ects in a new regime of nonlinear optics will arise.
The index can be modi ed by the laser directly through variations in . For example, a phenomena called relativistic self-phase modulation accompanies rapid temporal changes in , which may both broaden and modulate the transmitted light spectrum 1]. Another example is self-focusing, which can occur because the laser intensity varies with radius. The plasma then acts as a positive lens, focusing the laser to a smaller spotsize and increasing the peak laser intensity. It occurs at a critical power 1] given approximately by P c = 17(!=! p0 ) 2 GW = 17n c =n e GW, where n c is the critical density (at which ! p equals !).
Variations in the plasma density will also modify the index. For instance, the gigabar pressure that results from electron quiver motion in the eld of a self-focused laser can create an evacuated channel in a process called electron cavitation 2]. An electron density minimum on axis will also produce a radially dependent index of refraction and thus is predicted to focus and guide the laser pulse 3{5]. Photoionization has the opposite e ect, defocusing the laser, because it produces a higher electron density on axis. The pressure is the time-averaged quiver energy density, p = n e (1=2) m 0 hv 2 os i. Pressure gradients will push electrons to regions of lower intensity through the ponderomotive force, F = rp / r(n e I 2 ).
If the radial force becomes high enough for a long enough period of time, the electrons| which get pushed out rst|will eventually drag the ions from the channel.
Laser pressure|combined with ion inertia, which provides an electrostatic restoring force|can also drive a high amplitude electron plasma wave (epw). By this process, some of the laser energy is converted to a longitudinal electrostatic laser wake eld, propagating at nearly the speed of light, which can continuously accelerate electrons in the direction of laser propagation to GeV energies in a distance as short as a centimeter. A comparable electron energy would require acceleration over a distance of tens-of-meters in a conventional radio-frequency linac. Thus, laser wake elds|combined with the recent large reduction in the size of high power lasers 6]|can dramatically reduce the size of electron accelerators 7] .
If the laser pulse width is much greater than a plasma period, >> 2 =! p , the resulting local density changes will have time to feedback on the light pulse 8{14]. This case is referred to as the stimulated Raman forward scattering (RFS) instability. Modulations in the index of refraction break the pulse into a sequence of shorter pulses with a periodicity equal to a plasma period, which \resonantly" drives the electron plasma wave (epw) to high amplitude. The RFS instability is predicted to grow exponentially with a growth rate given by 9, 12, 13] g(z; ) = 8(P=P c )(n e =n c )(z=z R )(! )=(1 + a 2 =2)]
1=2
; (3) where z=z R is the laser propagation length normalized to the Rayleigh (vacuum di raction) length and P=P c is the laser power over the critical power. Both Raman backscatter and sidescatter have higher growth rates 15]. RFS can be enhanced by relativistic self-focusing; theory 12] predicts that in this case RFS will occur at a power threshold of P c =2.
Normally, electrons participating in the epw oscillate about a xed oscillation center. However, at su ciently high amplitude, the epw will trap electrons from the background plasma, a phenomenon often called wavebreaking. The maximum axial electric eld of a relativistic plasma wave, as predicted by one-dimensional (1-D) cold uid theory, is the \wavebreaking" eld 16], E WB = E 0 q 2( p ? 1) , where E 0 = (m e c! p =e) ' 0:96n 1=2 e cm ?3 ] V/cm. This wavebreaking eld, corresponding to a perturbed plasma density ofñ=n = 1, will tend to decrease with nite temperature. Once trapped, the electrons become in phase with the electrostatic eld of the epw and can be continuously accelerated by it, damping the wave in the process.
We report novel detailed experimental measurements of the dynamics of these interactions. In particular, we demonstrate acceleration of a naturally collimated beam of MeV electrons and determine its transverse emittance. RFS satellites begin to appear at a laser power of P c =2, indicating that relativistic self-focusing may be occuring. At higher power, electron acceleration occurs with a sharp threshold, (3=2)P c , along with the onset of broadening and high frequency modulations in the transmitted light spectra. Under certain circumstances, a lower beam emittance and evidence for electron cavitation are both observed. These observations compare well with recent theoretical analysis and numerical simulations.
The experiment is quite simple. A high-power 1.05-m wavelength glass laser is focused into a jet of either of helium or argon gas. The laser has a pulse duration = 400 fs (! = 716) and an energy of up to 3 J, corresponding to a peak power of 7.5 TW. When the laser is focused in vacuum with an f/4 o -axis parabolic mirror, an intensity of up to 6:2 10 18 W/cm 2 (a = 2:2) can be reached. An underdense plasma is created when the gas from a supersonic pulsed valve is multiphoton ionized by the foot of the laser pulse. The gas jet neutral density pro le was characterized by use of laser-induced uorescence. At the position in the jet downstream from the nozzle where the interaction takes place, the peak neutral density is found to be 2:5 10 20 cm ?3 with a sharp (200 m) gradient and a at-top width of 500 m at a backing pressure of 350 psi. The neutral density was found to increase linearly with backing pressure. Helium was used for most of the experiments because it has fewer ionization stages, which simpli es the interpretation of the results.
The existence of a large amplitude epw is inferred from the presence of high-order satellites in the Raman forward scattering (RFS) spectra 17], obtained with a prism spectrometer with resolution = = 600 at = 1:053 m. Fig. 1 shows RFS spectra from He obtained at di erent values for the density for xed laser power, 6 TW. As seen in Fig. 1 , the frequency separation between satellites, given by the plasma-wave frequency ! p , increases with the square root of the density as expected from Eq. 2. The maximum electron density was 2:3 10 19 cm ?3 (corresponding to n e =n c = 0:02 and P c = 730 GW), which was achieved when the laser was focused on the edge of the jet. This was apparently due to refraction caused by ionization defocusing, even in a He gas jet with a sharp gradient 18]. That refraction is important is supported by other observations. Higher backing pressure did not increase n e , the fundamental is blue-shifted in Figs. 1 and 2 , and the transmitted laser beam has a large divergence angle. At these densities, the wave is close to the 2-D limit, since the plasma wavelength (2 c=! p 7 m) is only half the plasma wave transverse dimension (2r 17 m), assumed to be equal to the laser spotsize (at 1=e 2 ). Fig. 2 shows RFS spectra from He obtained at di erent values of the laser power for xed electron density, 2:3 10 19 cm ?3 . The rst anti-Stokes satellite appears at P = 350 GW, which corresponds to P c =2, precisely as predicted by theory 12]. This indicates that relativistic self-focusing may be playing a role. The number and amplitude of the Raman satellites increase with increasing density and power as predicted by Eq. 3. The relative amplitude of the satellites can be used to determine the epw amplitude 19, 20] , which is found to range fromñ=n e 8 ? 40% (or E z 0:5 ? 2 GeV/cm), corresponding to changing the power from 0.8 TW to 6.7 TW. A recent 2-D particle-in-cell (PIC) code simulation 21], with parameters similar to our own (except = 600 fs and propagation distance of 1 mm), predicts that the epw will grow toñ=n e 40% on the rising edge of the laser pulse, undergo wavebreaking, and grow again to the same value on the falling edge.
At 1 TW, we observe a broadening of, and higher frequency modulations on, both the fundamental and the satellites. Similar modulations and broadening can be obtained numerically 19] by simulating relativistic self-phase modulation and/or temporal interference between light scattered from di erent epw's, during the rising and falling edges of the laser pulse. The onset of high frequency modulations coincides with a signature of wavebreaking, namely, the threshold for electron acceleration, discussed next. But such a coincidence is not proof of any causal connection between them since relativistic self-phase modulation should also occur at these intensities.
As shown in Fig. 4 , the electron energy distribution is measured with a magnetic spec-trometer. First the electrons are collimated with an aperture, then their momenta are dispersed with a permanent dipole magnet, and lastly they are detected with a scintillator screen imaged to a CCD camera. It can be seen that the number of accelerated electrons maximizes at an energy of 2 MeV and falls exponentially with increasing energy with a width at the 1=e point of 1.6 MeV. Also note the low-energy cuto (near 1.7 MeV), which is related to both the trapping threshold and the net acceleration. The energy distribution is found to be independent of angle with respect to the laser axis. Quantitative information on the number of electrons accelerated in the forward direction is obtained with a plastic scintillator coupled to a photomultiplier tube, which is placed in the beam path a distance of 50 cm from the laser focus. The electrons are coupled out of the vacuum chamber by a a 250-m thick aluminum window. The total number of relativistic electrons as a function of laser power is plotted in Fig. 3 . A clear change is observed when P=P c = 1:5; the number jumps from zero to > 10 3 , with just a 15% change in power. At the highest power, more than 10 9 electrons were observed to be accelerated. A similar threshold behavior is observed when the backing pressure is varied for a xed power of 1.5 TW. As the backing presure is increased, a threshold is observed at a value corresponding to a density of 1 10 19 cm ?3 ; a saturation is observed above a value corresponding to 2 10 19 cm ?3 , which is further evidence for the importance of ionization defocusing.
In a previous experiment, also using helium and a similar laser (but = 0:8 ps), wavebreaking of a RFS-driven epw 22] was reported at a laser power of 25 TW. It was attributed to the trapping of electrons from the bulk thermal distribution. The signature for it was assumed to be a sudden broadening of Raman peaks and an increase in both the number of high energy electrons in the tail of the distribution (greater than 20 MeV) and their maximum energy (up to 44 MeV). The onsets of both electron acceleration and signi cant broadening of the transmitted light are observed in our experiment (see Figs. 2 and 3) at the same density but at a laser power level of only 2 TW. In our case, we assume the electrons that were trapped are from a high-energy component of the velocity distribution, presumably pre-heated by small-angle Raman side-scattering 21]. For instance, for an epw with ñ=n e = 10%, the minimum trapping velocity is calculated to be over 700 keV. Judging from Fig. 2 , it appears that broadening is observed at a much lower power than implied by 22] and then increases gradually with increasing power. Relativistic self-phase modulation can broaden the spectrum, since the sign of the change in , and thus of !, reverses at the peak of the laser pulse.
Spatial pro les of the laser intensity at the laser beam waist are shown in Figs. 5(a) and (b). They were obtained at low laser intensity with an equivalent plane imaging system and a CCD camera read-out. Figs. 5(c) and (d) shows a spatial pro les of the electron beam (in vacuum, without a window in between them), produced with the laser spots shown in Figs. 5(a) and (b), respectively. These images represent the rst observation of a naturally collimated beam of self-trapped electrons that were accelerated by a laser wake eld. Previously, either an externally accelerated beam was injected 23] or self-trapped electrons were collimated by an external aperture 22].
The electron beam spatial distribution at the lm location is determined by a convolution between the spatial distribution of trapped electrons and the accelerating elds at the source. The accelerating elds, being proportional to the epw-amplitude (and, ultimately, to the laser amplitude), give the electrons both radial and longitudinal momenta. Radial momenta can be acquired by several means: ponderomotive drift, sidescattering and RFS from a diverging laser beam. We attribute their origin mostly to the last of these, since the electron beam divergence appears to follow that of the laser beam, and the electron energy distribution is observed to be independent of angle. The half-angle divergence of the outside of the beam, inferred from the beam size in Fig. 5(c) , is approximately 45 . This divergence angle, and an assumption that the electron source size is approximately the same as the laser spot size, can be used to estimate an electron beam emittance of 3 mm-mrad, which is the same as that of the laser. However, under certain circumstances that are currently being investigated, they both decrease by a factor of three, as in Fig. 5(d) . This transverse emittance and number of electrons (> 0:5 nC) are both comparable to state-of-the-art radio-frequency (RF) photoinjector linacs.
The picture far from the source can be thought of as a micrograph, with a magni cation given by the ratio of the size of the electron beam at the location of the lm to the size of it at the source. Note the similarity in Fig. 5 between the laser spots and the electron beams that they produce. The far-eld electron beam spatial distribution resembles the laser's neareld intensity distribution (at its focus), and by inference, the epw-pro le (which is expected since the latter is proportional to the former). There can be a one-to-one correspondence since the radial momenta acquired by any of the above mechanisms, should be exclusively outward from the laser axis. Also, note the hole in the center of the electron beam in Fig.  5(d) , which occurs only in the low-emittance regime discussed above. The hole is apparently due to the lack of electrons on axis to be accelerated or, for that matter, to even constitute an epw. Electron cavitation is just that, a dearth of electrons in the laser channel. In fact, a recent three-dimensional PIC simulation|with similar laser parameters but higher plasma density (near critical)|predicts total evacuation of both electrons and ions on axis 24]. Spatial imaging of the electron beam provides a new diagnostic for the study of channel formation, which has relevance to any application requiring extended propagation of intense laser beams.
Although the above measurements are time integrated, it is expected that the electrons are accelerated in microbunches that are a fraction of the plasma period (23 fs) in duration, separated by a plasma period, and in a macrobunch duration that is less than the laser pulse duration (400 fs). 
